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Introduction {#sec001}
============

Human growth hormone (hGH), synthesized in the pituitary gland, is composed of 191 amino acids. This hormone plays a vital role in growth and development, contributing to bone development and muscle gain \[[@pone.0236788.ref001]--[@pone.0236788.ref003]\]. Since endogenous hGH is a non-glycosylated protein, early attempts to induce its overexpression have been performed in *Escherichia coli* \[[@pone.0236788.ref004]\]. However, recombinant hGH (rhGH) in this system was expressed in the periplasmic space \[[@pone.0236788.ref005]\] or in the form of insoluble inclusion bodies, together with other eukaryotic proteins \[[@pone.0236788.ref006], [@pone.0236788.ref007]\], making it necessary to utilize onerous solubilization and purification processes. Until now, multiple studies have attempted to induce the expression of soluble rhGH using different host systems, including *Bacillus subtilis* \[[@pone.0236788.ref008]\], mammalian cells \[[@pone.0236788.ref009]\], baculovirus systems \[[@pone.0236788.ref010]\], and yeast cultures \[[@pone.0236788.ref011]\].

In the early 1990s, an attempt was made to generate a transgenic animal model that could express various human proteins \[[@pone.0236788.ref012]\]. The first transgenic animal model was successfully produced via microinjection of genetically modified DNA into pronucleus of mouse zygote \[[@pone.0236788.ref013]\]. However, the efficiency of transgenic animals' production from a surrogate mother using microinjection of modified DNA into zygote was extremely low. Consequently, various surgical procedures, numerous experimental animals, and expert-level techniques were required to obtain transgenic animals \[[@pone.0236788.ref012]\].

In 1997, a cloned sheep was produced by nuclear transfer (NT) of a somatic mammary gland cell into an oocyte \[[@pone.0236788.ref014]\]. Although this method used somatic cells, it allowed the potential modification of donor cells via cellular transfection and selection procedures, and therefore the generation of locus-specific transgenic animals via nuclear transfer of these donor cells. This method was cost-effective and straightforward for producing of transgenic animals \[[@pone.0236788.ref012]\].

Previous studies of recombinant proteins produced using transgenic animals targeted mostly plasma proteins such as albumin \[[@pone.0236788.ref015]\], granulocyte-colony stimulating factor \[[@pone.0236788.ref016]\], coagulation factors \[[@pone.0236788.ref017]\], and erythropoietin \[[@pone.0236788.ref018], [@pone.0236788.ref019]\]. To conveniently separate and purify transgenic animals-derived recombinant proteins, tissue-specific expression was induced using mainly beta-casein or whey acidic protein (WAP) promoters in secretory organs such as the mammary glands.

Multiple studies aimed to develop transgenic animal models expressing rhGH in milk. These models included rhGH expression in goats using the goat beta-casein promoter \[[@pone.0236788.ref020]\], transgenic cows using the cow beta-casein promoter \[[@pone.0236788.ref021]\], and transgenic rabbits using the rat whey acidic protein promoter \[[@pone.0236788.ref022]\]. However, no follow-up studies have been reported. In 2006, GTC Biotherapeutics produced human anti-thrombin secreted from transgenic goats as a biomedical product and obtained approval for production and commercialization in Europe. This product was approved by the FDA 3 years later under the brand name ATryn and became commercially available for patients. This example highlighted the importance of transgenic animals as bioreactors, and their potential to produce therapeutic proteins.

The current study was conducted to assess the feasibility of transgenic pigs as bioreactors for producing of therapeutic proteins. We demonstrated the utility of this model by confirming the efficacy and safety of rhGH produced using this system.

Materials and methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

All animal procedures were conducted in accordance with the Animal Protection Act of Korea. Each experiment was approved by the CHO-A Biotechnology Research Institute ethical committee (Choa-Bio-00-002) and the Biotoxtech Institutional Animal Care and Use Committee (170618, 170433).

### Pigs {#sec004}

Landrace pigs were used for all experiments. Food was provided twice per day, with *ad libitum* access to water. The environment was maintained at 28°C. All surgeries were performed under Zoletil (Vibac, France) anesthesia and maximum care was taken to minimize animal suffering.

### Rats {#sec005}

Sprague-Dawley wild type and hypophysectomized rats (SLC Inc., Japan) were purchased from Central Lab. Animal Inc. (Korea). Two-to-three rats were housed in polycarbonate cages under 12-h light/12-h dark cycles with *ad libitum* access to sterile food and water. Each rat was single-housed in the conditions described above during the experimental period.

Plasmid construction {#sec006}
--------------------

The pPBC vector and *WPRE* (woodchuck hepatitis virus post-transcriptional regulatory element) gene construct were prepared as per a previously described method \[[@pone.0236788.ref023]\]. This vector contained the pig beta-casein promoter, 5\'-untranslated region (UTR), 3\'-UTR, polyadenylation signal, ribosome binding sequence, intron, a selective marker, and a neomycin cassette. rhGH was cloned from human cDNA, fused with *WPRE* using the *EcoR*V site, and inserted into the pPBC vector. The pPBC-hGH-W vector was constructed by inserting *hGH-WPRE* into the *Xho*I site of the pPBC vector. All constructs were confirmed by sequencing.

Establishment of stably transfected cells {#sec007}
-----------------------------------------

The establishment of stable *pPBC-hGH-W*-transfected cells was performed as per a previously described method \[[@pone.0236788.ref024]\]. Prior to transfection, *pPBC-hGH-W* was linearized with the *Sal*I restriction endonuclease (New England Biolabs, Ipswich, MA, USA) and separated on a 1% agarose gel. The plasmid was then purified with a gel extraction kit (QIAGEN, Hilden, Germany). For electroporation, 5 × 10^6^ porcine fetal fibroblasts (PFF) \[[@pone.0236788.ref025]\] were collected at 70% confluence, mixed with 10 μg DNA, transferred into a 100-μL Neon tip (Invitrogen, CA, USA), and subjected to one 1.55 kV pulse for 20 ms delivered by a microporator (Digital Bio, Seoul, Korea). Electroporated cells were cultured in Dulbecco's modified Eagle medium (DMEM) (Hyclone, Logan, UT, USA) containing 10% fetal bovine serum (FBS) (Tissue Culture Biologicals, Tulare, CA, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin (Hyclone, Logan, UT, USA) at 38.5°C in 5% CO~2~ and humidified air. After selection with 700 μg/mL-800 μg/mL G418 (Gibco, Waltham, MA, USA) for 14 days, several transgenic single cell colonies were isolated and expanded for somatic cell nuclear transfer (SCNT). A portion of the cells was analyzed by PCR to identify transfected cells after the selection of single colonies. The remaining cells were expanded by passaging until sufficient cells were obtained for cryopreservation. Genomic DNA was extracted by enzymatic lysis using proteinase K (QIAGEN, Hilden, Germany), and was then used as a PCR template. PCR analysis was performed using G-Tag polymerase (Labopass, Seoul, Korea) and the primer pairs described in [Table 1](#pone.0236788.t001){ref-type="table"}. The PCR conditions were as follows: 94°C for 2 min, followed by 30 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 1 min. Each PCR sample was resolved on 1% agarose gels by electrophoresis. The PCR analysis was repeated three times, and only cells with similar results were considered as transgenic cell lines.

10.1371/journal.pone.0236788.t001

###### Primer pairs for PCR analysis.

![](pone.0236788.t001){#pone.0236788.t001g}

  Primer Name   Sequence (5′→3′)          GC (%)   Tm (ºC)   Product Length (bp)
  ------------- ------------------------- -------- --------- ---------------------
  hGH-F         `TGCAGTTCCTCAGGAGTGTCT`   52.4     57.8      414
  WPRE-R        `GCATTAAAGCAGCGTATCCAC`   47.6     55.9      
  PBC5ʹdown-F   `GGATAAGGCTGTTAGTGGAAA`   42.9     53.9      760
  hGH-R         `GTCATCGTTGTGTGAGTTTGT`   42.9     53.9      
  WPRE-F        `TGGCTAAATGGTGCTGTATAA`   38.1     51.9      462
  PBC3′up-R     `TAAGAGTCCTCACCACTCCTC`   52.4     57.8      

Oocyte collection and *in vitro* maturation {#sec008}
-------------------------------------------

Pre-pubertal gilt ovaries were collected from a slaughterhouse (Woo Jin Industries Co., Ltd., Gyunggi-do, Korea), stored at 28°C, and transported to the laboratory within 1 h for further processing. Oocytes were collected as per a previously described method \[[@pone.0236788.ref026]\] and matured via culture with North Carolina State University-23 (NCSU-23) \[[@pone.0236788.ref027]\] medium for 42 h--44 h.

SCNT and *in vitro* development {#sec009}
-------------------------------

SCNT in mature oocytes was performed as per a method described previously \[[@pone.0236788.ref025]\]. After electrofusion, *in vitro* development was performed using Porcine Zygote Medium 5 (IFP, Yamagata, Japan) containing 0.4% bovine serum albumin (Sigma, St. Louis, MO, USA). After culturing for 1--2 days, cleaved embryos were selected and transferred into surrogate mothers.

Preparation of surrogate mothers, transgenic cloned embryo transfer, and diagnosis of pregnancy {#sec010}
-----------------------------------------------------------------------------------------------

Surrogate mothers were 7--8-month-old gilts with a normal estrus cycle, as described in a previous study \[[@pone.0236788.ref028]\]. 1--4-cell stage transgenic cloned embryos were transferred into the oviduct of surrogate mothers. Pregnancy was assessed by ultrasound 25--30 days after transfer.

Fluorescence in situ hybridization (FISH) {#sec011}
-----------------------------------------

Nick translation (DIG-Nick Translation Mix, Roche Diagnostics) was used to obtain labeled probes for FISH \[[@pone.0236788.ref029]\]. Blood was collected from the jugular vein of rhGH transgenic pigs with a syringe pre-loaded with heparin (Sigma, Aldrich, St. Louis, MO, USA). Then, blood (0.5 mL) was mixed into the culture solution and incubated at 37°C and 5% CO~2~ for 72 h. The cultures were grown in RPMI 1640 (Hyclone, Logan, UT, USA) with 10% FBS, 1% penicillin-streptomycin (Sigma, St. Louis, MO, USA) and 2% lectin (Sigma, St. Louis, MO, USA). One hour before the end of incubation, cells were treated with 0.5 μg/ml colcemid (Demecolcine, Sigma) to arrest mitosis in the metaphase stage. 10 mL of 0.06 M KCl (Sigma, Aldrich, St. Louis, MO, USA) was added and incubated for 15 min at room temperature. Then, cells were treated 2--3 times with a 3:1 methanol (Merck KGaA, Darmstadt, Germany) and acetic acid (Junsei, Tokyo, Japan) mixture to remove suspended solids and fix the cells. After centrifuging at 1200 × *g* for 5 min, the cell pellets were resuspended, mounted onto a glass slide, and air-dried. Samples were then washed and dehydrated with ethanol (Merck KGaA, Darmstadt, Germany) after treatment RNase (Bioneer, Daejeon, Korea). Then, the samples were incubated at 85°C for 10 min in hybridization solution Then, the samples were incubated at 85°C for 10 min in hybridization solution \[0.7 M NaCl, 0.1 M Tris pH 8.0, 0.1% SDS, and 10 mM EDTA (all from Sigma Aldrich, St. Louis, MO, USA)\] and bonded at 38°C for 12 h. After conjugation, the slides were washed with PBS (AMRESCO, Solon, OH, USA) pH 8.0 for 5 min at 72°C, and then treated with anti-digoxigenin-fluorescein (Sigma Aldrich, St. Louis, MO, USA) and covered with glass. The reaction was carried out at 38°C for 30 min. Slides were then washed with PBS and dried in the dark. Nuclei were stained with propidium iodide (Sigma Aldrich, St. Louis, MO, USA) solution. Finally, the samples were covered with coverslip and dried in the dark. Fluorescent conjugation was observed using a fluorescence microscope (Olympus, Tokyo, Japan) with a 523-nm wavelength filter.

Verification of transgenic piglets {#sec012}
----------------------------------

The presence of transgenes in produced piglets was confirmed by PCR (Takara, Shiga, Japan), using genomic DNA extracted from the umbilical cord. Genomic DNA was extracted with an Exgene Tissue SV Kit (GeneAll, Seoul, Korea). Some primers used (hGH-WPRE forward and reverse, PBC 5′ down forward, and hGH reverse) are listed in [Table 1](#pone.0236788.t001){ref-type="table"}. The PBC 3′up forward (`5′-ATGCCTTTGTATCATGCTATTGCT-3′`) and PBC 3′up reverse primers (`5′-ATGGAATTTGCCTTTATTTTAGGCT-3′`) were used to amplify the predicted 657-bp product, which was then confirmed using 1% agarose gel electrophoresis. The amplification conditions were as follows: 5 min at 95°C, 32 cycles at 94°C for 30 s, 56°C for 30 s, and 72°C for 1 min, with a final extension for 5 min at 72°C. The PCR product was visualized with an Illuminator UV (Spectroline, Westbury, NY, USA).

Collection of transgenic pig milk {#sec013}
---------------------------------

Milk was collected from day 1 to day 45 of the lactation period. Prior to milk collection, 2 mL of oxytocin (Bayer, Ansan, Korea) was injected into the ear vein of the sow to induce milk ejection. The milk was collected in a 50-mL tube (Falcon, Mexico City, Mexico) twice daily. Then, 1 mL of the collected milk was transferred into an E-tube for rhGH quantification. The remaining milk was stored in a --70°C deep freezer (Shinshin Biobase, Korea). After quantification, only the milk with rhGH \> 50 μg/mL was collected from the respective transgenic sows.

Pretreatment of transgenic sow milk (sample preparation) {#sec014}
--------------------------------------------------------

The transgenic milk samples were diluted with a 2-fold volume of EDTA (Sigma, St. Louis, MO, USA) at a final concentration of 20 mM to extract rhGH within casein micelles. The treated milk was centrifuged at 11,000 × *g* for 1 h at 4°C. Defatted milk samples were acidified by slowly adding 50% acetic acid (Merck Millipore, Billerica, MA, USA) with constant stirring until the milk reached pH 4.25, which precipitated casein. The samples were then centrifuged at 11,000 × *g* for 1 h at 4°C. The whey samples were neutralized using 2 M Tris (AMRESCO, Solon, OH, USA) and filtered through a 0.2-μm hollow fiber membrane microfilter (GE Healthcare Life Sciences, Little Chalfont, UK). Samples containing rhGH were clarified by tangential flow filtration with a nominal 300-kDa pore size hollow fiber membrane ultrafilter (GE Healthcare Life Sciences, Little Chalfont, UK). The 300-kDa filter permeate was concentrated and diafiltered through a nominal 5-kDa cut-off size hollow fiber membrane ultrafilter (GE Healthcare Life Sciences, Little Chalfont, UK). The supernatant from each step was analyzed by SDS-PAGE using 13.5% (w/v) gel under reducing conditions. Proteins were stained with Coomassie brilliant blue R-250 (AMRESCO, Solon, OH, USA).

Determination of rhGH concentration {#sec015}
-----------------------------------

Recombinant hGH was indirectly quantified using an hGH ELISA kit (Quantikine ELISA human growth hormone; R&D Systems, Minneapolis, MN, USA) following the manufacturer's protocol. Assay readouts were measured spectrophotometrically at 450 nm using a microplate spectrophotometer (Model 680, Bio-Rad, Hercules, CA, USA). The samples were diluted 10^−5^--10^−7^-fold with distilled water.

Samples were prepared for Western blot analysis as follows: raw milk was diluted 10--100 fold with distilled water and centrifuged. The supernatant was collected and loaded onto 12% or 13.5% polyacrylamide gels and separated by electrophoresis. Proteins were transferred to PVDF membranes (Immobilon-P, Millipore, Burlington, MA, USA) using an ATTO Blotting System (ATTO, Tokyo, Japan). Then, the PVDF membrane was incubated in Tris-buffered saline (TBS, 20 mM Tris, 150 mM NaCl, pH 7.6) containing 5% skim milk and 0.1% Tween-20 (AMRESCO, Solon, OH, USA) for 1 h at room temperature. Next, the membrane was incubated with mouse anti-hGH primary antibody (1:3000--1:10000, R&D systems, Minneapolis, MN, USA), followed by anti-mouse horseradish peroxidase-conjugated secondary antibody (1:3000--1:5000, Santa Cruz, USA). Protein bands were identified using Luminol reagent (Immuno Cruz, Santa Cruz Biotechnology, Dallas, TX, USA).

Purification of rhGH by 5-step column chromatography {#sec016}
----------------------------------------------------

After pretreatment, milk samples were mixed and centrifuged at 4°C and 7000 × *g* for 15 min to remove the precipitated casein. The pH was set to 4.8 and conductivity was set to 3.0 mS/cm. The mixed sample was then applied to a CM Sepharose column (CV 3.5 L, GE Healthcare). After the column was washed with 30 mM NaCl in 20 mM sodium acetate (pH 4.8), the protein fraction containing rhGH was eluted with 90 mM NaCl in 20 mM sodium acetate (pH 4.8). The active fraction was equilibrated with a buffer for Nickel Sepharose, the secondary column, using a UF membrane (0.5 m^2^, 5 kDa MWCO, PES, Millipore). The samples were then applied to a Nickel Sepharose 6FF column (CV 1.5L, GE Healthcare, Uppsala, Sweden), pre-equilibrated with 0.5 M NaCl in 20 mM sodium phosphate (pH 8.3). The column was washed with the same buffer and the active fraction was eluted with 0.5 M NaCl in 20 mM sodium acetate buffer (pH 6.25). The remaining proteins were eluted with 0.5 M NaCl in 20 mM sodium acetate pH 4.8 to regenerate the column. All active fractions were pooled and the buffer was exchanged using a UF membrane in the same manner. The third column used was an ANX Sepharose column (CV 1L, GE Healthcare Uppsala, Sweden), pre-equilibrated with 30 mM NaCl in 20 mM Tris (pH 8.5). The samples were exchanged with the same buffer, and the column was washed with 70 mM NaCl in 20 mM Tris (pH 8.5). Protein fractions containing rhGH were eluted with 130 mM NaCl in 20 mM Tris (pH 8.5). The fourth column used was a Resource phenyl column (CV 0.375L, GE Healthcare Uppsala, Sweden), which was equilibrated with 1 M (NH~4~)~2~SO~4~ in 20 mM Tris (pH 8.2). Washing unbound protein and impurities was performed in 2 steps using 20 mM Tris containing 20% 2-propanol/0.6 M (NH~4~)~2~SO~4~ and 24% 2-propanol/0.52 M (NH~4~)~2~SO~4~. The protein fractions containing rhGH were eluted with 30% 2-propanol/0.42 M (NH~4~)~2~SO~4~ buffer, pooled, and diluted 3-fold with 20 mM Tris to prevent protein damage. After concentration and PBS buffer exchange using UF membranes (as described above), the sample was applied to the last column, a Sephacryl S-100 column (CV 6.8L, GE Healthcare Uppsala, Sweden). Protein elution was performed using two column volumes. The fraction containing rhGH was collected and concentrated by UF membrane filtering. The final purified sample was dissolved in excipient (glycine 2.2 mg/mL, NaH~2~PO~4~ 0.32 mg/mL, Na~2~HPO~4~ 0.31mg/mL, and mannitol 1.8 mg/mL), filtered, and lyophilized.

Characterization of purified rhGH (CGH942) {#sec017}
------------------------------------------

To identify the purified CGH942 protein structure, we performed multiple structural analyses. Total mass, N-terminal sequencing, C-terminal sequencing, RP-HPLC, and peptide map analysis were performed by Biosystems, Inc. (Korea). Circular dichroism (CD) spectropolarimetry, UV spectrum analysis, and Fourier transform-infrared (FT-IR) analysis were performed by Korea Basic Science Institute (KBSI, Korea).

Cell proliferation assay {#sec018}
------------------------

Nb2-11 cells were cultured in Fischer\'s medium with 1% FBS, 10% horse serum, 1% penicillin- streptomycin, and 50 μM β-mercaptoethanol (Sigma Aldrich, St. Louis, MO, USA) for 48 h in an incubator at 37°C and 5% CO~2~. The cultured cells were centrifuged to remove the supernatant and washed twice with 5 mL PBS. Then, 5 × 10^4^ cells per well were added to a 96-well plate in Fisher\'s medium without FBS, and incubated at 37°C and 5% CO~2~ for 24 h. The cells were treated with Genotropin INJ 16IU (Pfizer, Sweden) and CGH942 at concentrations of 0.01 ng/mL to 1000 ng/mL and incubated for another 48 h. Then, 10 μL of the MTT solution was added to each well and allowed to react for 4 h. Absorbance was measured at a wavelength of 415 nm.

Growth enhancement efficacy test {#sec019}
--------------------------------

Rats were left untouched (wild type control group) or hypophysectomized. Hypophysectomized mice were then separated into two groups: the negative control and experimental groups. CGH942 (0.035 mg/kg, 0.073 mg/kg, and 0.146 mg/kg) and Genotropin (0.146 mg/kg) were only administered to the experimental group. Distilled water containing excipient was administered to the control groups. All treatments were administered once daily for 21 days. The dose was set to 1 mL/kg based on the individual weight measured near the day of administration. During the test, general features such as the eye, skin, hair and behavior were observed once per day. Any animal that died during the experiment was subjected to necropsy. Before injection, rats were weighed. At the end of the experiment, animals were anesthetized with isoflurane and sacrificed by aortic puncture. Tibia extraction was performed post-mortem. 20 mg/kg tetracycline hydrochloride (Sigma Aldrich, St. Louis, MO, USA) was intraperitoneally administered 72 h before tibia extraction. The length of the extracted tibiae was measured using a caliper (BLUEBIRD, China). The extracted tibiae were fixed in 4% paraformaldehyde (Sigma, St. Louis, MO, USA) for 48 h and decalcified in 10% EDTA (Deajung Chemical & Metals Co., Ltd., Siheung, Korea) for 24 h, followed by dehydration in 30% sucrose for 24 h. Dehydrated tibiae were then sliced into 40-μm thick longitudinal sections with a freeze-cutting machine (Leica, Wetzlar, Germany). The tibiae sections were then attached to a glass slide, mounted with Fluoromount (Sigma Aldrich, St. Louis, MO, USA) and overlaid with coverslips. Preparations were observed with a fluorescence microscope (Observer Z1, Carl Zeiss, Oberkochen, Germany). Histologic photographs were acquired (Axiovision V.4.6, Carl Zeiss, Germany). The lengths of the bands produced by tetracycline in the growth plate were measured using Axiovision V.4.6 software (Carl Zeiss, Germany).

Evaluation of toxicity and toxicokinetics {#sec020}
-----------------------------------------

Toxicity tests were performed as per the CDER guidelines (Center for Drug Evaluation and Research, application, NDA 21--148, NDA 21--075) and as described previously \[[@pone.0236788.ref030]\]. CGH942 was administered in three dosages (one per group of animals): 0.15 mg/kg/day, 0.3 mg/kg/day, and 0.6 mg/kg/day and Genotropin was administered at 0.6 mg/kg/day. Each group consisted of 10, 10, 15, and 15 animals, respectively. Male/female Sprague-Dawley rats were included in each group and received the drugs subcutaneously once daily for four weeks. The amount of administered solution was calculated as per the animals' body weights. Drugs were injected into the subcutaneous tissue of the neck. In parallel, wild type female and male rats, received daily subcutaneous injections of PBS during four weeks, as the control group. To evaluate the reversibility of toxicity, 5 males and 5 females were injected with 0.6 mg/kg/day of CGH942 and Genotropin, and then allowed to recover for 2 weeks. Throughout the observation period, we evaluated general signs, body weights and food intakes, and performed ophthalmological examinations and urine tests. After the observation period, we performed hematological examinations, blood biochemical tests, organ weight measurements, and post-mortem macroscopic and histopathological examinations. Blood collection and plasma separation were performed at 0 h, 0.25 h, 0.5 h, 1 h, 3 h, 6 h, 10 h, and 24 h on the first day of administration and after 4 weeks of drug administration. Blood (approximately 0.5 mL) was collected from the jugular vein using a 1-mL syringe treated with heparin sodium (10 IU/mL--20 IU/mL). Plasma was separated by centrifugation at 4°C for 3 min at 14,000 × *g*. The separated plasma was divided into two micro-tubes and kept frozen at --70°C until further use. Plasma CGH942 and Genotropin levels were analyzed using an ELISA kit (AVIVA SYSTEMS BIOLOGY, San Diego, CA, USA). These analyses were carried out by Biotoxtech (Cheongju-si, Korea), and SCAS-BTT Bioanalysis Co., Ltd. (Cheongwon-gun, Korea).

Statistical analysis {#sec021}
--------------------

In the toxicity study, the body weight, longitudinal bone growth, and tibia length data were statistically analyzed using SAS (version 9.3, SAS Institute Inc., USA). The wild type control group (G1) and the hypophysectomized negative group (G2) were subjected to the Folded-F assay to test for equivariance. The Student's *t*-test was performed in the case of equivariance (significance level: 0.05 and 0.01 for one side), and the Aspin-Welch t-test was performed if equivariance was rejected (significance level: 0.05 and 0.01 on both sides). Equal variance between each test group (G3 \~ G5) for the negative control group (G2) was tested using the Bartlett's test (significance level: 0.05), one-way analysis of variance (ANOVA) (significance level: 0.05), the Dunnett's t-test (significance level: 0.05 and 0.01 for one side), the Kruskal-Wallis test, and the Steel's test (significance level: 0.05 and 0.01 for one side).

Results {#sec022}
=======

Somatic cell line construction and production of rhGH transgenic pigs {#sec023}
---------------------------------------------------------------------

Production of rhGH transgenic pigs was performed using a pPBC vector synthesized in our lab \[[@pone.0236788.ref023]\]. The *hGH* gene cloned from human cDNA was ligated to *WPRE* using an *Eco*RV enzyme site. This ligated product was inserted into the pPBC vector to create the final vector ([Fig 1A](#pone.0236788.g001){ref-type="fig"}). The pPBC-hGH-W construct was linearized and randomly inserted into PFF cells isolated from a 30-day-old pig fetus to generate a transgenic cell line. Insertion of the transgenic gene into PFF cells was confirmed by PCR ([Fig 1B](#pone.0236788.g001){ref-type="fig"}).

![Production of human growth hormone transgenic pigs using SCNT.\
(A) Schematic of the pPBC-hGH-W vector. (B) Confirmation of transgene integration in transfected cells by PCR. M: size marker; V: pPBC-hGH-W vector as the positive control; N: Wild type PFF cells as the negative control; Lanes 1--7: porcine fetal fibroblasts transfected with pPBC-hGH-W constructs. (C) Identification of transgenic cloned rhGH-piglets. Three cloned transgenic pigs, 2 days after birth. (D) Identification of transgenic piglets by PCR using genomic DNA collected from piglets' umbilical cords. Lanes 1--3 show the transgene detected in transgenic piglets. (E) Arrows indicate the localization of the rhGH gene in the cloned piglet chromosomes. a; Piglet 1, b; Piglet 2, c; Piglet 3 (from Panel C) 5 days after birth.](pone.0236788.g001){#pone.0236788.g001}

Using the generated transgenic somatic cells, we first compared cleavage and blastocyst production during *in vitro* development between wild type donor cells (non-transfected) and transgenic somatic cells (rhGH transfected) ([Table 2](#pone.0236788.t002){ref-type="table"}). The fusion rate (84.8% vs. 72.7%), cleavage rate (83.6% vs. 48.6%), and blastocyst rate (8.5% vs. 6.4%) were more efficient in the non-transfected group than those in the rhGH transfected group. Then, rhGH insertion was confirmed by PCR using genomic DNA extracted from the umbilical cord of the produced piglets ([Fig 1C and 1D](#pone.0236788.g001){ref-type="fig"}). Finally, the insertion of rhGH was confirmed by fluorescence in situ hybridization ([Fig 1E](#pone.0236788.g001){ref-type="fig"}).

10.1371/journal.pone.0236788.t002

###### *In vitro* development of transgenic pig embryos for SCNT.

![](pone.0236788.t002){#pone.0236788.t002g}

  Cell type                                           No. of oocytes injected   No. of       No. of       No. of
  --------------------------------------------------- ------------------------- ------------ ------------ ----------
  Wild type [^a^](#t002fn001){ref-type="table-fn"}    223                       189 (84.8)   158 (83.6)   16 (8.5)
  Transgenic [^b^](#t002fn002){ref-type="table-fn"}   495                       360 (72.7)   175 (48.6)   23 (6.4)

^a^ Non-transfected

^b^ rhGH transfected

Ten individually-established PFF cell lines were used as donor cells and cleaved embryos (after SCNT) were transferred into 114 surrogate mothers. Overall, 146 piglets were produced, and 69 piglets were confirmed to be transgenic ([Table 3](#pone.0236788.t003){ref-type="table"}). The transgenic piglets were raised until puberty, and artificial insemination (AI) was performed to assess germline transmission and recombinant protein secretion into the milk.

10.1371/journal.pone.0236788.t003

###### Transgenic cloned embryos: Transfer result.

![](pone.0236788.t003){#pone.0236788.t003g}

  Donor cell colonies   Recipient pigs   No. of embryos transferred   Viable offspring (%)   Transgenic offspring (%)   Transgenic/viable offspring -%
  --------------------- ---------------- ---------------------------- ---------------------- -------------------------- --------------------------------
  hGH-LYY13             6                2,006                        15 (0.75)              11 (0.55)                  73
  hGH-LYY15             12               4,288                        6 (0.14)               6 (0.14)                   100
  hGH-LYY17             36               13,391                       44 (0.33)              18 (0.13)                  40.9
  hGH-LYY21             19               6,555                        24 (0.37)              9 (0.14)                   37.5
  hGH-LYY22             7                3,129                        14 (0.45)              0 (0.00)                   0
  hGH-LYY25             2                552                          0 (0.00)               0 (0.00)                   0
  hGH-LYY27             8                2,819                        21 (0.74)              13 (0.46)                  61.9
  hGH-LYY28             4                1,294                        0 (0.00)               0 (0.00)                   0
  hGH-LYY29             14               3,574                        10 (0.28)              9 (0.25)                   90
  hGH-LYY58             6                1,549                        12 (0.77)              3 (0.19)                   25
  Total                 114              39,157                       146 (0.37)             69 (0.18)                  47.2

In the F0 generation, 16 sows gave birth to 175 piglets, with each sow producing 10.9 piglets on average. In total, there were 79 transgenic piglets, this is a 45.1% transgenic rate. In the F1 generation, there were 46 piglets produced from 5 sows, with each sow producing 9.2 piglets on average. Among them, 25 piglets were confirmed to be transgenic, indicating a 54.3% transgenic rate ([Table 4](#pone.0236788.t004){ref-type="table"}).

10.1371/journal.pone.0236788.t004

###### Analyses of transgenic gene transfer in pigs.

![](pone.0236788.t004){#pone.0236788.t004g}

  Generation   Recipient sows   Offspring   Litter size   Transgenic (%)
  ------------ ---------------- ----------- ------------- ----------------
  F0           16               175         10.9          79 (45.1)
  F1           5                46          9.2           25 (54.3)

Confirmation of rhGH protein expression in transgenic pig milk and pretreatment of transgenic sow milk {#sec024}
------------------------------------------------------------------------------------------------------

We assessed rhGH expression in transgenic pigs' (F0) milk by Western blotting and ELISA. Although identical vectors were used, there were differences in the rhGH expression levels comparing individual animals generated with the different established cell lines. The rhGH concentration varied between 7.8 μg/mL and 1.7 mg/mL according to the cell line used. Of note, the amount of rhGH expression in some transgenic pig milk was different, depending on the milking date. ([S1 Fig](#pone.0236788.s002){ref-type="supplementary-material"}).

Since various lipids and proteins were present in the pig milk samples, Coomassie brilliant blue (CBB) staining was insufficient to detect rhGH expression. Thus, Western blotting was performed. Owing to the effect of the secondary antibody, both immunoglobulin heavy and light chains were detected along with rhGH. In the cell lines with the higher expression, rhGH fragments were also detected ([Fig 2A](#pone.0236788.g002){ref-type="fig"}). Transgenic pig milk samples showing 0 μg/mL--50 μg/mL rhGH expression were excluded, and the remaining milk samples were collected for rhGH purification. Before purification by chromatography, we removed milk fat and substantial amounts of unwanted proteins. Although we used various milk pretreatment methods described in previous studies, these methods were not able to eliminate casein and larger-sized proteins.

![Confirmation of rhGH protein expression in the pig milk and schematics of pretreatment procedures.\
(A) Confirmation of rhGH protein expression in the pig milk by Western blot assay. Protein samples were loaded onto 13.5% SDS-PAGE gels and analyzed by Western blotting. Then, the blots were stained with Coomassie brilliant blue (CBB). M: marker, C: hGH standard (Ministry of Food and Drug Safety, Korea) 100 μg, 1: rhGH transgenic pig; identification number 68--1 (hGH-LYY 17, F0 generation), 2: rhGH transgenic pig; identification number 94--2 (hGH-LYY 27, F0 generation), d: lactating day, sample loading: crude milk 1 μL, H.C.: Heavy chain, L.C.: Light chain. (B) Schematic of milk pretreatment procedures. (C) CBB staining and Western blotting in different steps of rhGH transgenic porcine milk pretreatment. Protein samples were separated using a 12% SDS-PAGE gel. 1; crude milk, 2; 20 mM EDTA treatment supernatant, 3; 2 M Tris pH 7.4 treatment; 0.2-μm filter permeate, 5; 300-kDa filter permeate, 6; 5-kDa filter retentate. \*: impurity (porcine beta- lactoglobulin), \*\*: rhGH.](pone.0236788.g002){#pone.0236788.g002}

The collected milk was subjected to pretreatment, as shown in [Fig 2B](#pone.0236788.g002){ref-type="fig"}, and the protein pattern at each stage of the pretreatment has been outlined in [Fig 2C](#pone.0236788.g002){ref-type="fig"}. Although pretreatment allowed a remarkable removal of immunoglobulin and casein, there was substantial remaining lactoglobulin ([Fig 2C\*](#pone.0236788.g002){ref-type="fig"}), which has a similar protein size as hGH, making it difficult to differentiate the two proteins by CBB staining. Therefore, we planned to remove these proteins along with other impurities during the chromatography purification stage. The amount of milk used in pretreatment was 15.53 L, containing 8.17 g of rhGH, as per sandwich ELISA quantification---the mean rhGH concentration was 526 mg/L. The final collected sample volume was 29.8 L, and the rhGH concentration was 89.74 mg/L, giving an amount of rhGH after pretreatment of 2.68 g, and a final yield of 32.8% ([Table 5](#pone.0236788.t005){ref-type="table"}).

10.1371/journal.pone.0236788.t005

###### Yield of transgenic sow milk after pretreatment.

![](pone.0236788.t005){#pone.0236788.t005g}

  -------------------------------------------------------- ----------
  Milk input volume (mL)                                   15,530
  rhGH input (mg)                                          8177.521
  Average rhGH input concentration (μg/mL)                 526.56
  Milk output volume (mL)                                  29,890
  Average rhGH output concentration (μg/mL)                89.744
  rhGH output (mg)[^a^](#t005fn001){ref-type="table-fn"}   2682.452
  Yield (%)[^b^](#t005fn002){ref-type="table-fn"}          32.8
  -------------------------------------------------------- ----------

^a^rhGH output (milligrams) = milk output (milliliter) × average rhGH concentration (micrograms per milliliter).

^b^ Yield (%) = rhGH output (milligrams)/rhGH input (milligrams) × 100.

Purification of rhGH by column chromatography {#sec025}
---------------------------------------------

After pretreatment, several remaining milk proteins had a similar size and pI as those of hGH. To remove the milk proteins that could not be eliminated by the pretreatment process, we followed a 5-step column purification procedure ([Fig 3A](#pone.0236788.g003){ref-type="fig"}). rhGH that was cleaved by protease but maintained a similar shape and size as the original protein due to an inner disulfide bond, was also removed by the column purification process. In the input sample used for chromatography purification, the amount of rhGH was \~2.58 g. The amount of final collected protein (rhGH) was \~753 mg. Therefore, the column purification yield was \~29%, and the total yield was \~9.5%. Increasing concentrations of purified rhGH (1, 2, 5, and 10 μg) were loaded onto a 5--12% EzWay (KOMA Biotech, Korea) gel, resolved, and visualized by CBB staining ([Fig 3B](#pone.0236788.g003){ref-type="fig"}). The final purified sample was dissolved in the same vehicle used for the commercial drug Genotropin (Pfizer, New York, NY, USA), filtered and lyophilized. Each vial contained 5.75 mg rhGH protein. This product was named as CGH942.

![Preclinical sample preparation by column purification.\
(A) 5-step chromatography and freeze-drying procedure. S1--S8: Step 1 to Step 8 (B) Final purified rhGH was separated using a 5--12% EzWay gel and visualized by CBB staining. 1- Size marker, 2--1 μg, 3--2 μg, 4--5 μg, 5--10 μg.](pone.0236788.g003){#pone.0236788.g003}

Characterization of purified rhGH (CGH942) {#sec026}
------------------------------------------

To identify the purified CGH942 protein structure, we performed multiple structural analyses using Genotropin as the control group. Analysis of the total mass by quantitative time-of-flight mass spectrometry indicated that both samples had molecular weights of 22,121.5918--22,121.7285 Da, similar to the molecular weight of hGH. We also calculated a 0.0151%-- 0.0157% difference from the expected molecular weight ([Fig 4A](#pone.0236788.g004){ref-type="fig"}). N-terminal sequencing was performed using phenylisothiocyanate, which derivatizes N-terminal amino acids. We then analyzed the reaction time of phenylthiohydantoin-amino acid by liquid chromatography to identify the amino acid sequence. A maximum of 10 cycles was analyzed to obtain 10 N-terminal amino acid sequences. The final sequence obtained by N-terminal sequencing was identical to the expected N-terminal amino acid sequence of hGH protein, i.e. 'NH3- FPTIPLSRLF' ([Fig 4B](#pone.0236788.g004){ref-type="fig"}). C-terminal analysis was performed after cleaving the samples with trypsin and analyzed via reversed-phase ultra-performance liquid chromatography. The extracted ion chromatogram for the expected m/z value of C-terminal peptides was obtained. The C-terminal peptides were detected at \~21 min, and both samples exhibited a mass peak indicating C-terminal peptides with an m/z value of 785.2. Confirmation of the amino acid sequence by MS1/MSE/MS-MS analysis indicated that both samples contained the "SVEGSCGF-COOH" sequence, which is identical to the expected sequence ([Fig 4C](#pone.0236788.g004){ref-type="fig"}). Next, we performed reverse-phase high-performance liquid chromatography analysis to assess the relative variant content based on hydrophobicity. Comparative analysis of the area and intensity values for the major and minor peaks in the chromatograms showed that for CGH942, the retention time for peak 3, which was the principal peak, was 31.491 min with a 99.43% area. These values were similar to the reference one (31.663 min retention time with 99.73% area), suggesting that the impurity levels were extremely low ([Fig 4D](#pone.0236788.g004){ref-type="fig"}). Similarly, peptide mapping analysis using reverse-phase ultra-performance liquid chromatography (C18) of peptides synthesized after cleavage with trypsin confirmed that the CGH942 and control profiles were identical ([S1 Table](#pone.0236788.s001){ref-type="supplementary-material"}). Thus, the purified samples contained minimal amounts of impurities and the primary structure of CGH942 was very similar to that of Genotropin.

![Structural characterization of CGH942.\
(A) Total mass, (B) N-terminal sequence, (C) C-terminal sequence, and (D) Reverse-phase-UPLC results.](pone.0236788.g004){#pone.0236788.g004}

Structural characterization of CGH942 {#sec027}
-------------------------------------

Next, we investigated the tertiary structure, efficacy, and presence of modifications via spectroscopic and biological characteristics analyses. First, gel electrophoresis was performed to assess the size and dimerization status. Approximately 5 μg rhGH in the reducing and non-reducing state were loaded onto a 13.5% SDS-PAGE gel. As shown in [Fig 5A](#pone.0236788.g005){ref-type="fig"}, rhGH in the reducing state ([Fig 5A I](#pone.0236788.g005){ref-type="fig"}) was larger than rhGH in the non-reducing state ([Fig 5A II](#pone.0236788.g005){ref-type="fig"}), with the bands located in the same position in native gel electrophoresis ([Fig 5A III](#pone.0236788.g005){ref-type="fig"}). These results indicate no difference in the unique characteristics of CGH942 and Genotropin. Moreover, isoelectric focusing showed similarly positioned bands, suggesting that the pI value remained identical after purification ([Fig 5B](#pone.0236788.g005){ref-type="fig"}). The antibody affinities of CGH942 and Genotropin were confirmed by Western blotting. 10, 50, 100, and 500 ng/well samples were loaded onto the gel, and the responses for each volume were assessed. As shown in [Fig 5C](#pone.0236788.g005){ref-type="fig"}, an identical pattern was observed for both CGH942 and Genotropin. CD spectropolarimetry analysis was performed over wavelengths of 190 nm--320 nm. For both alpha helices and beta turns, neither sample showed a value (0%). The beta sheet ratios were 59.5% and 59.7% and the random coil ratios were 40.5% and 40.3% for the two-dimensional structure of Genotropin and CGH942, respectively, suggesting that there were no structural differences between the two ([Fig 5D](#pone.0236788.g005){ref-type="fig"}). Using UV spectrometry, we scanned the prepared samples using UV wavelengths from 220 nm to 400 nm. Both samples exhibited maximum absorbance at 280 nm with identical patterns, suggesting that the two samples were equivalent ([Fig 5E](#pone.0236788.g005){ref-type="fig"}). Using Fourier transform-infrared (FT-IR) spectroscopy, we scanned the samples over a range of 4000--400 (cm^-1^) and confirmed the same pattern between Genotropin and CGH942. ([Fig 5F](#pone.0236788.g005){ref-type="fig"}).

![Characterization of purified protein from porcine milk.\
(A) Electrophoresis I: SDS-PAGE gel (+DTT, reducing), II: SDS-PAGE (-DTT, non-reducing), III: Native gel, 1: Genotropin, 2: CGH942. (B) Isoelectric focusing gel, 1: Genotropin, 2: CGH942. (C) Western blotting. The gel was loaded with 10 ng, 50 ng, 100 ng, and 500 ng rhGH per lane. (D) Circular dichroism spectropolarimeter, HT\[V\]: High tension voltage. (E) Ultra violet spectrum, Abs: absorbance. (F) Fourier Transform-Infrared (FT-IR) spectrum. (G) Cell proliferation of Nb2-11 cells after rhGH treatments.](pone.0236788.g005){#pone.0236788.g005}

Further, an i*n vitro* analysis was performed in using Nb2-11 cells, which are lymphoma cells expressing hGH receptors. Biological activity can be measured as proliferation induced by hGH binding to extracellular prolactin receptors. There were no significant differences between CGH942 and Genotropin activities, based on sample concentration ([Fig 5G](#pone.0236788.g005){ref-type="fig"}). Therefore, commercially available somatropin (Genotropin) and CGH942 exhibited similar physical and spectroscopic characteristics and biological activities.

Growth-promoting effects of CGH942 on hypophysectomized SD rats: preclinical tests {#sec028}
----------------------------------------------------------------------------------

Although the molecular and *in vitro* biological characteristics of CGH942 protein were similar to those of Genotropin, we performed additional non-clinical tests to validate the CGH942 effectiveness *in vivo* and assess its potential toxicity for human use. First, we performed repeated subcutaneous injections to hypophysectomized male rats to assess the effectiveness of CGH942. We hypothesized that administration of CGH942 would rescue the dwarfism caused by pituitary gland removal. Thus, we measured the rats' weight, tibia length, and bone growth rate. The weight of rats in the hypophysectomized control group was significantly reduced on all assessment dates compared to the wild type control group. Throughout the experimental period, the mean weight gain was 6.0 g, indicating that removal of the pituitary gland caused growth retardation. The group injected with 0.035 mg/kg CGH942 (G3) exhibited a significant weight increase 13 days after injection compared to the hypophysectomized control group. The groups injected with 0.073 mg/kg CGH942 (G4), 0.146 mg/kg CGH942 (G5) and with 0.146 mg/kg Genotropin (G6) all exhibited significant increases 10 days after injection. All groups exhibited dose-dependent weight gain ([Fig 6A](#pone.0236788.g006){ref-type="fig"}). The hypophysectomized control group exhibited a significantly reduced tibia length compared to that in the wild type control group. Importantly, all animals that received CGH942 exhibited significant dose-dependent increased tibia length compared to that of the hypophysectomized control group. Similarly, the group injected with Genotropin showed a significantly increased tibia length compared to the hypophysectomized control group ([Fig 6B and 6D](#pone.0236788.g006){ref-type="fig"}). Assessment of the bone growth rate showed similar findings, also in a dose-dependent fashion ([Fig 6C](#pone.0236788.g006){ref-type="fig"}). In conclusion, administration of CGH942 to rats with growth retardation (induced by removal of the pituitary gland) promoted bone growth and weight gain, suggesting that CGH942 promoted an overall growth.

![Hypophysectomized rat growth enhancement after subcutaneous CGH942 administration.\
(A) Bodyweight. Each time point represents the mean ± S.E. (B) Tibia length, (C) Longitudinal bone growth. ^††^*p* \< 0.01 compared to the wild type control group (G1) using Student's *t*-test. ^¶¶^*p* \< 0.01 compared to the wild type control group (G1) by the Aspin-Welch *t*-test. \**p* \< 0.05 compared to the hypophysectomized control group (G2) by the Dunnett\'s *t*-test. \*\**p* \< 0.01, compared to the hypophysectomized control group (G2) by the Dunnett\'s *t*-test. (D) Fluorescent photomicrographs of the proximal tibia growth plate longitudinal sections, G1: Wild type control; G2: Hypophysectomized control; G3: CGH942 0.035 mg/kg; G4: CGH942 0.076 mg/kg; G5: CGH942 0.146 mg/kg; G6: Genotropin 0.146 mg/kg. Double head arrows indicate the distance between the growth plate and the band formed by tetracycline. ×50, Scale bar = 100 μm.](pone.0236788.g006){#pone.0236788.g006}

Toxicity and toxicokinetics of CGH942 {#sec029}
-------------------------------------

Safety assessment was performed by repeated subcutaneous injection of CGH942 into male and female rats for 4 weeks. The reversibility of any effects was assessed after a 2-week recovery period. Furthermore, toxicokinetic tests were performed to evaluate systemic exposure to CGH942 or Genotropin. In the entire toxicity study, there were no deaths or abnormal symptoms induced by CGH942. Further, toxicity was not observed in most examinations or tests. Histopathological examination indicated the presence of mixed inflammatory cell infiltration at the injection site in all rhGH-injected groups, but all rats recovered after 2 weeks. Considering that the ingredients in CGH942 and Genotropin are human-derived proteins, this change may reflect the normal response mounted to foreign substances and was not toxicologically significant. On injection day 1, systemic somatropin levels (in the bloodstream; AUCl~ast~ and C~max~) tended to increase in proportion to the injection amount (1:2:4) in both male and female groups, with no significant difference comparing CGH942 and Genotropin. The AUC~last~ and C~max~ values for both CGH942 and Genotropin were 1.6--3.8-fold higher in the males than in females, revealing a sex-based difference. On day 28 after injection, systemic somatropin in the bloodstream could not be accurately assessed because of the large variances among individual animals. The time to reach the peak plasma concentration (T~max~) was 0.3--0.5 h on Day 1 and 0.5--3.0 h on Day 28 ([Table 6](#pone.0236788.t006){ref-type="table"}). The findings from multiple assessments of CGH942 toxicity suggested that the no-observed-adverse-effect-level of CGH942 was 0.6 mg/kg/day for both males and females. Importantly, there was no significant toxicological difference between CGH942 and Genotropin.

10.1371/journal.pone.0236788.t006

###### Toxicokinetic parameters of CGH942 and Genotropin in rats.

![](pone.0236788.t006){#pone.0236788.t006g}

  Sex        Group/Dose (mg/kg/day)   Phase   Toxicokinetic parameters          
  ---------- ------------------------ ------- -------------------------- ------ -----
  Male       G1 / 0.15                Day 1   45.5                       40.2   0.5
  Day 28     60.7                     22.1    0.5                               
  G2 / 0.3   Day 1                    99.3    54.6                       0.5    
  Day 28     0.2                      0.9     1.0                               
  G3 / 0.6   Day 1                    226.4   121.9                      0.3    
  Day 28     123.8                    23.3    1.0                               
  G4 / 0.6   Day 1                    272.8   230.3                      0.5    
  Day 28     79.5                     11.9    1.0                               
  Female     G1 / 0.15                Day 1   11.9                       15.6   0.3
  Day 28     33.2                     7.0     3.0                               
  G2 / 0.3   Day 1                    55.7    33.4                       0.5    
  Day 28     6.8                      4.4     1.0                               
  G3 / 0.6   Day 1                    121.3   64.6                       0.5    
  Day 28     194.4                    49.3    1.0                               
  G4 / 0.6   Day 1                    137.5   109.7                      0.3    
  Day 28     178.3                    27.5    3.0                               

Discussion {#sec030}
==========

The present study aimed to assess the potential of transgenic pigs as bioreactors for the production of therapeutic proteins. Various attempts have been made to produce biologically active recombinant proteins in transgenic pig milk \[[@pone.0236788.ref031]--[@pone.0236788.ref033]\]. However, no follow-up studies toward mass production have been published. Here, we used transgenic pigs to mass-produce a biologically active heterologous protein and confirmed its efficacy and safety. Our study showed lower cleavage and blastocyst production rates after SCNT compared with a previous report on the production of transgenic pigs \[[@pone.0236788.ref034]\]. This suggests our embryo development rates can be improved, which we plan to pursue in a follow-up study. Although our transgenic offspring rate was lower than that published in a previous report \[[@pone.0236788.ref033]\], we remarkably still produced 69 transgenic pigs and confirmed germline transmission. In order to avoid inbreeding (thinking on a long-term perspective), we established different transfected cell lines by securing the fetal tissues and used them to produce different progenies. Among the produced transgenic pigs, those with exceptionally high rhGH expression were selected for AI to obtain an adequate number of transgenic pigs. This suggests the possibility of potential scale-up of rhGH production from transgenic pig milk. A previous report suggested that AI results in 7.3 piglets produced in the first parturition, with the number increasing in the second and third parturitions \[[@pone.0236788.ref035]\]. Although our study exhibited good outcomes, the number of piglets showed a tendency to decrease in subsequent pregnancies. In addition, although the rate of germline transmission increased in subsequent pregnancies, further studies are needed to evaluate this outcome.

Recombinant hGH was expressed in different levels, ranging from 7.8 μg/mL to 1.7 mg/mL in the collected transgenic pigs' milk. Furthermore, the rhGH concentration in milk collected daily showed a variation depending on the lactating days. In general, colostrum contains less lactose and more lipids, proteins, carbohydrates, vitamins, growth factors, enzymes, enzyme inhibitors, cytokines and minerals than mature milk \[[@pone.0236788.ref036]--[@pone.0236788.ref038]\]. In contrast, the level of rhGH in early post-partum milk samples increased in milk after colostrum. Therefore, we hypothesize that the milk composition may affect rhGH production over the lactation period. However, rhGH concentration did not steadily increase or decrease; various expression tendencies were shown, as can be seen in [S1 Fig](#pone.0236788.s002){ref-type="supplementary-material"}. We inferred that these differences could be attributed to the nutrition and biorhythm of each pig during the lactation period. Some previous studies \[[@pone.0236788.ref033], [@pone.0236788.ref039]\] have reported that recombinant proteins expressed in transgenic pig milk vary depending on the date of lactation, but the mechanism behind was not explained. Therefore, more research is needed to understand how lactation impacts recombinant protein expression. Furthermore, depending on the transgenic PFF cell line used as donor cells, the rhGH expression levels in transgenic pig milk samples were different. The difference in expression based on individual cell lines may be related to the gene transfection method used in our study. We performed gene transfection into somatic cells by random insertion but did not confirm the integration site or copy numbers. Transgene integration was confirmed using PCR at the genomic level after the selection of single cell colonies. Thus, by crossbreeding transgenic pigs with high rhGH yield and pigs with exceptionally high milk production, the transgenic pig quality would likely be improved. Future studies will confirm the correlation between transgene copy number and integration site and recombinant protein secretion.

The liquid chromatography results indicated that CGH942 with impurities \< 1% was obtained from the purification process, suggesting that the purified protein is suitable for clinical usage. In general, milk is often pre-treated with zinc chloride to remove as much casein and whey protein as possible \[[@pone.0236788.ref040]\]. However, because zinc ion induces hGH dimerization \[[@pone.0236788.ref041]\], this process could not be utilized in our study. Moreover, experiments using calcium phosphate particles (CAP) \[[@pone.0236788.ref042]\], citric acid \[[@pone.0236788.ref043]\], and sodium phosphate \[[@pone.0236788.ref044]\] were explored for casein removal from the milk of transgenic animals; however, casein was not completely removed. After several trials and various experiments, we established the pretreatment process outlined in [Fig 2B](#pone.0236788.g002){ref-type="fig"}. Nevertheless, there were substantial impurities remaining after the process, including rhGH fragments digested by tryptic peptidases \[[@pone.0236788.ref045]--[@pone.0236788.ref047]\]. Therefore, it was challenging to produce high-purity rhGH by traditional one or two-stage column chromatography purification methods used e.g. for *E*. *coli* \[[@pone.0236788.ref048]--[@pone.0236788.ref050]\]. We established a 5-step column purification process to obtain high-purity rhGH but the purification yield of this process was not satisfactory. There have been several reports on the purification of rhGH from the milk of transgenic animals \[[@pone.0236788.ref021]--[@pone.0236788.ref022]\]. However, the methods reported in these studies, depending mostly on affinity columns (his-tag or immune-based), could be not applied in this study. Therefore, additional studies should focus on simplifying the pretreatment process and improving the final yield of rhGH purified from pigs' milk.

Although we were able to successfully obtain biologically active rhGH from transgenic pigs' milk, the selection of suitable livestock species to produce target proteins should be carefully (and rationally) performed. As a bioreactor (in this context), animal should be able to produce large amounts of milk during the entire lactation periods; furthermore, the feasibility and the breeding/housing costs should also be considered \[[@pone.0236788.ref051]\]. Many proteins require post-translational modifications such as signal peptide removal, disulfide bonds formation, amino acid modifications, and proteolytic processing. Glycosylation and carboxylation are essential for the biological activity and/or stability of many proteins and are key factors for the production of biologically active pharmaceuticals by recombinant organisms \[[@pone.0236788.ref051]\]. In fact, some recombinant glycoproteins produced using transgenic pigs were reported to have different sugar moieties, compared with the human-derived ones \[[@pone.0236788.ref031], [@pone.0236788.ref052], [@pone.0236788.ref053]\]. Overall, for the production of therapeutic recombinant proteins, we need to ensure either the glycosylation patterns are similar to the original ones, or that potential changes do not affect protein activity.

Although previous studies have demonstrated the feasibility of using transgenic animals traditionally associated with high milk yields (i.e., cows or goats) for bio-drug production, no studies have confirmed these results in non-dairy animals such as pigs. In addition to the 15.5 L of pig milk produced for non-clinical sample production, we collected \~140 L of additional pig milk, indicating that pigs can function as bioreactors with a sufficient milk supply for mass production of protein-based drugs.

Conclusion {#sec031}
==========

This study confirmed the efficacy and safety profiles of rhGH produced in transgenic pigs are equivalent to those of commercial somatropin. Our outcomes have suggested that transgenic pigs are suitable for large-scale protein-based drug production.

Supporting information {#sec032}
======================

###### Peptide map analyses of rhGH protein samples.

(DOCX)

###### 

Click here for additional data file.

###### Verification of rhGH protein expression in milk collected across the lactation period.

A\) Total milk protein separation was assessed by Coomassie brilliant blue (CBB) staining. rhGH protein expression was confirmed by Western blot assay. rhGH TG1: rhGH transgenic pig identification number 39--3 (rhGH-LYY 17, F0 generation). The lactation period was 40 days. Protein samples were loaded onto 12% SDS-PAGE gels after 10X dilution in distilled water. After Western blot assays, the same gel was stained with CBB. Crude milk loading volume: 0.5 μL. Primary antibody treatment 1:3000, secondary antibody treatment 1:5000. rhGH TG2: rhGH transgenic pig identification number 94--2 (hGH-LYY 27, F0 generation). The lactation period was 35 days. Protein samples were loaded onto 13.5% SDS-PAGE gels after 10--20X dilution in distilled water. Crude milk loading volume: SDS-PAGE: 0.5 μL, Western blot: 0.1 μL. Primary antibody treatment 1:5000, secondary antibody treatment 1:10000. (B) Quantification of rhGH protein expression by ELISA assay during lactation period.

(TIF)

###### 

Click here for additional data file.
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